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A B S T R A C T   
The dual hormone hypothesis, which centers on the interaction between testosterone and cortisol on social 
behavior, offers a compelling framework for examining the role of hormones on the neural correlates of 
adolescent peer conformity. Expanding on this hypothesis, the present study explored the interaction between 
testosterone and cortisol via hair concentrations on adolescents’ conformity to peers. During fMRI, 136 ado-
lescents (51 % female) ages 11–14 years (M = 12.32; SD = 0.6) completed a prosocial decision-making task. 
Participants chose how much of their time to donate to charity before and after observing a low- or high- 
prosocial peer. Conformity was measured as change in behavior pre- to post-observation. High testosterone 
with low cortisol was associated with greater conformity to high-prosocial peers but not low prosocial peers. 
Focusing on high prosocial peers, whole-brain analyses indicated greater activation post- vs. pre-observation as a 
function of high testosterone and low cortisol in regions implicated in social cognition, salience detection, and 
reward processing: pSTS/TPJ, insula, OFC, and caudate nucleus. Results highlight the relevance of hormones for 
understanding the neural correlates of adolescents’ conformity to prosocial peers.   
1. Introduction 
Adolescents are inherently motivated to emulate the attitudes and 
behaviors of their peers. Such peer conformity (Kosten et al., 2012) helps 
adolescents form friendships and attain status within their peer net-
works (Brechwald and Prinstein, 2013). While adolescents’ propensity 
for peer conformity can result in maladaptive behaviors, adolescents 
also conform to prosocial behaviors such as volunteering and helping 
others (Choukas-Bradley et al., 2015; for a review, see Guroglu, 2020). 
Engagement in prosocial behaviors increases during adolescence (Do 
et al., 2019) and has been associated with various positive social and 
health outcomes (Eisenberg et al., 2006). Increases in neural sensitivity 
to social information and social rewards during adolescence support 
changes in peer conformity and prosocial behavior (Blakemore and 
Mills, 2014; Telzer et al., 2018). Further, dual hormone theories 
postulate that the interaction between cortisol and testosterone modu-
lates status seeking behaviors (Mehta and Josephs, 2010; Sinclair et al., 
2014). Applying a dual hormone perspective to examinations of the 
neural processes undergirding peer conformity during adolescence 
affords a more comprehensive understanding of the biological processes 
supporting adolescent social behavior. To this end, the present study 
used a dual hormone framework to explore individual differences in the 
neural correlates of adolescents’ conformity to prosocial peers. 
In adolescence, status-seeking involves attempts to be liked and 
accepted by peers or to achieve social prestige (Li and Wright, 2014). 
One way to achieve acceptance and status is by conforming to peers 
(Brechwald and Prinstein, 2013). Based on social learning theories 
(Akers, 2001; Bandura and Walters, 1977), individuals endorse social 
norms through observation and learning. When observing a discrepancy 
between their own behavior and that of their peers’, adolescents are 
motivated to change their behavior (Cialdini and Goldstein, 2004). 
Critically, which behaviors are endorsed to achieve status depends on 
context. For example, prosocial behavior is more likely to be endorsed 
when status is defined by respect, admiration (Lease et al., 2002), or 
generosity (Halevy et al., 2012). 
Adolescence is a key developmental period for studying peer con-
formity due to maturational changes in the developing brain. Matura-
tion of brain regions supporting social cognition (e.g., dorsal medial 
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prefrontal cortex (dmPFC), temporoparietal junction (TPJ), and poste-
rior superior temporal sulcus (pSTS)), reward processing (e.g., orbito-
frontal cortex (OFC), ventral striatum (VS)), and affective salience (e.g., 
caudate, nucleus, amygdala) undergo reorganization around the time of 
puberty, and activation in these regions is associated with greater peer 
orientation (Blakemore and Mills, 2014; Nelson et al., 2016) and 
social-reward sensitivity (Foulkes and Blakemore, 2016; Perino et al., 
2016). Consistent with this, adolescents evince heightened activation in 
the mPFC, TPJ, and STS when making prosocial decisions in the pres-
ence of peers (van Hoorn et al., 2016). Heightened TPJ activation in 
response to prosocial stimuli is associated with greater prosocial 
decision-making among adolescents (Tashjian et al., 2018), which is in 
turn associated with greater activation in regions supporting 
socio-emotional (e.g., insula; Wang et al., 2019) and reward (e.g., VS; 
Braams and Crone, 2017) processing. 
Puberty-induced rises in testosterone lead to heightened activation 
of reward-sensitive brain regions such as the VS (Hermans et al., 2010; 
Op de Macks et al., 2011), resulting in greater social-reward sensitivity 
(De Lorme et al., 2013), approach behaviors (Platje et al., 2015), and 
status-seeking (e.g., Rowe et al., 2004). In contrast, cortisol 
down-regulates activity in the ventral striatum (Montoya et al., 2014); 
thus, it is associated with social withdrawal at high levels (Van der 
Westhuizen and Solms, 2015) and approach behaviors at low levels 
(Terburg et al., 2009). Further, testosterone and cortisol are jointly 
involved in connectivity between prefrontal (e.g., mPFC and OFC) and 
subcortical regions (e.g., amygdala) (Veer et al., 2012). Accordingly, the 
brain’s reward circuitry may be one mechanism by which testosterone 
and cortisol modulate status-seeking behaviors (Knight et al., 2020). 
The dual hormone hypothesis (Mehta and Josephs, 2010) offers a 
useful framework for exploring individual differences in adolescents’ 
conformity to peers. The hypothesis is informed by the co-regulation of 
the hypothalamic-pituitary-gonadal (HPG) and hypothalamic-pitui 
tary-adrenal (HPA) axes, which control the release of testosterone and 
cortisol, respectively (Viau, 2002). According to this hypothesis, high 
testosterone is associated with greater status-seeking when cortisol is 
low (Terburg et al., 2009), not high (Prasad et al., 2017; Sherman et al., 
2016). However, support for the dual hormone hypothesis is still mixed 
(for reviews, see Dekkers et al., 2019; Grebe et al., 2019; Knight et al., 
2020). For example, in some studies, high testosterone is associated with 
prosocial characteristics when cortisol is high (Zilioli et al., 2014) 
whereas other studies demonstrate this association when cortisol is low 
(Ponzi et al., 2016). Some scholars have speculated that the inconsistent 
support for the dual hormone hypothesis is partly because status is 
defined differently across contexts (e.g. Knight et al., 2020). For 
instance, when prosocial behavior is expected to lead to high status, high 
testosterone with low cortisol should be related to greater prosocial 
behavior (see Casto et al., 2019; Prasad et al., 2019), whereas this 
pattern would be reversed in contexts in which low prosocial behavior is 
expected to lead to high status (Knight et al., 2020). However, these 
assertions have yet to be empirically tested. Thus, the present study 
explored how the interaction between testosterone and cortisol relates 
to adolescents’ conformity to peers who endorse different degrees of 
prosocial behavior. 
To understand the role of hormones on adolescent conformity, we 
examined the neural correlates of peer conformity and links with 
testosterone and cortisol concentrations. Cortisol and testosterone were 
measured via hair samples, which are indicative of cumulative hormone 
concentrations in the body that are less susceptible than saliva to diurnal 
variations in hormone secretions (Kirschbaum et al., 2009). To measure 
peer conformity, we developed a novel prosocial peer influence fMRI 
task during which adolescents made decisions to donate their time to 
various charities, observed a peer endorsing either high or low prosocial 
behavior, and then made decisions to donate again. Changes in ado-
lescents’ donations after observing the peer indexed peer conformity. 
Our between-subjects design with low- and high-prosocial peer condi-
tions allowed us to test whether the social context interacts with peer 
conformity and whether the interaction between testosterone and 
cortisol is associated with status seeking across contexts (i.e., increases 
in prosocial behavior in the high-prosocial condition and decreases in 
prosocial behavior in the low-prosocial condition). Considering mixed 
empirical evidence for the dual hormone hypothesis (Knight et al., 
2020), we hypothesized that high testosterone could be associated with 
prosocial conformity when cortisol is low (e.g., Ponzi et al., 2016) or 
high (e.g., Zilioli et al., 2015). We further hypothesized that the inter-
action between testosterone and cortisol at the behavioral level is par-
alleled by increased activation in brain regions involved in social 
cognition, affective salience, and reward processing. 
2. Materials and methods 
2.1. Participants 
One hundred thirty six participants (51 % female) ages 11–14 years 
(M = 12.32; SD = 0.6) from diverse racial/ethnic backgrounds (36 % 
Hispanic/Latinx, 29 % White, 22 % Black, and 12 % Mixed/Other) 
completed the study. Of these 136 participants, 32 did not have usable 
hormone data (further details provided in the methods) and an addi-
tional seven did not have usable fMRI data due to movement or in-
cidentals. Thus, the sample included 136 participants with usable 
behavioral data, 129 participants with usable fMRI data, 104 partici-
pants with usable hormone data, and 97 participants with usable data 
for analyses testing associations between hormone concentrations and 
neural activation during prosocial conformity. 
Participants were screened for neurological disorders, psychotropic 
medications, or any MRI contraindications. Parent reports identified 
nine teens with clinical diagnoses, primarily AD(H)D. Participants who 
were taking AD(H)D medication were asked to refrain from taking their 
medication 24 h prior to the scan. Participants were accompanied to the 
scan by their primary caregiver. All participants and their caregivers 
provided written assent and consent, and the Institutional Review Board 
approved all procedures. The study lasted approximately 4 h. Adoles-
cents were compensated up to $90 for their time. 
2.2. Experimental design 
2.2.1. Prosocial influence task 
A novel, experimental fMRI task measured peer influence on proso-
cial decision-making. Participants were told a cover story that the 
research lab had teamed up with ten local charities from their commu-
nity. Prior to the scan, participants were shown a logo and description of 
each charity and learned about the charities’ goals. Following, partici-
pants indicated how much they cared about each charity and ranked 
their top-three favorite charities. Participants were told they had the 
opportunity to support the charities by donating their time to filling 
envelopes with donation letters after the scan. Their donated time would 
come at the cost of their 10-minute break during the session, during 
which they could otherwise participate in fun activities (e.g., jewelry 
kits, a basketball hoop, an iPad with games). Participants were also told 
that another participant had completed the same game. In reality, this 
participant was a confederate. Prior to the scan, participants viewed the 
confederate peer’s profile, which was matched to their gender, age, 
grade, and school. 
During the fMRI scan, participants played three rounds of the pro-
social influence task. In Round 1, participants chose how much time they 
wanted to donate, between zero and nine minutes, to each charity. In 
Round 2, participants observed the choices of the peer confederate and 
were instructed to input the same response as the peer for each trial (e. 
g., if the peer responded “7” participants would also enter “7” for that 
trial). The task used a between-subjects design. Half of the participants 
(N = 69) observed a high prosocial peer who donated an average of 
8 min; the other half of participants (N = 67) observed a low prosocial 
peer who donated an average of 2 min. We chose an active observation 
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condition to equate decision-making processes across rounds and to 
assess participants’ attentiveness. Finally, in Round 3, participants again 
independently chose how much time to donate to each charity. 
Each round started with an instruction screen that stated “Play” for 
Rounds 1 and 3 and “Evaluate Peer” for Round 2. For each round, 40 
trials were presented in random order. Each decision screen presented 
the logo of the charity, charity name, and a rating scale showing 
0− 9 min. Charities were presented three times per round and were 
intermixed with 10 control trials, which were included to disentangle 
prosocial from general decision-making. The display screen for control 
trials was identical to that of charity trials except there was no logo and 
the charity name was replaced with the phrase, “Just Press”. During 
these trials, participants were instructed to press any button. 
The decision screen was displayed for a maximum of 3000 ms or until 
the participant made a decision. Participants’ decisions were high-
lighted on the screen for 500 ms. During the peer observation round, the 
decision screen was displayed for an average of 500 ms, followed by the 
highlighted peer’s decision, which was presented for up to 3000 ms or 
until the participant responded. The highlighted peer’s decision stayed 
on the screen for 500 ms after participants’ response. Trials were sepa-
rated with a randomized jitter based on a Gaussian distribution 
(M = 2300 ms; range 507− 4217 ms). If participants did not respond 
within 3000 ms, they saw “Too Late” for 1000 ms and proceeded to the 
next trial. See Fig. 1 for a visual display of the trial sequence. 
Participants were instructed that the number of minutes they 
donated would be randomly selected from one of the trials and that 
amount of time would be deducted from their 10-minute break. After the 
scan, participants were given letters for the randomly selected charity 
and asked to place them in envelopes. A timer was set for the number of 
minutes they donated on the randomly selected trial. The researcher 
stepped out of the room during this time. If participants donated 0 min 
or had time remaining in their 10-minute break, the researcher returned 
to the room and gave the participants access to activities for the 
remainder of the 10 min. This procedure was implemented to maintain 
the believability of the cover story but was not relevant for the analyses. 
2.3. Hair hormone acquisition 
Three hair segments, 3 mm in diameter and at least 2 cm in length, 
were cut as close as possible to the scalp from left, center, and right side 
of the posterior vertex located at the center of the back of the head. The 
most proximal 2− 3 cm hair segment was analyzed using liquid chro-
matography coupled with tandem mass spectrometry for testosterone 
and cortisol concentrations. Wash and steroid extraction procedures are 
described elsewhere (Gao et al., 2013 and Stalder et al., 2013). The 
majority of subjects (93 %) had at least 3 cm of hair, representing 
3-month cumulative hormone concentrations. Hair samples weighing at 
least 7.5 mg are considered suitable for reliable analysis (Gao et al., 
2013). Hair samples from seven participants were less than 7.5 mg in 
total weight. Sensitivity analyses with and without these seven subjects 
indicated no change in the results of the primary analyses. Thus, all 
participants providing hair samples were included in the analyses. Hair 
samples were not collected for 30 subjects because participants did not 
wish to provide a hair sample, the hair was too short (less than 2 cm in 
length), or the hairstyle was not amenable to cutting. Additionally, 
outliers exceeding 3 standard deviations (n = 4) were excluded from 
analyses. This resulted in a sample of 104 participants with usable 
hormone data. In this sample, testosterone and cortisol were not 
significantly correlated (r = .118, ns). There were no differences in 
performance on the prosocial task between individuals missing and not 
missing hormone data (all t(134) < 1.056, all p > .293). 
2.3.1. Covariates 
There are several biological and environmental factors that can in-
fluence hair hormone concentrations. Biologically, testosterone and 
cortisol concentrations change dramatically over the course of adoles-
cence, with males evincing higher levels of testosterone than females. 
Thus, we examined associations between pubertal development 
(Petersen et al., 1988) and biological sex with hormone concentrations. 
Higher levels of hair cortisol were associated with a slightly earlier 
pubertal stage (r = -.192, p = .048), but testosterone was not associated 
with pubertal development (r = -.085, p = .383). Cortisol and testos-
terone were not significantly associated with age (rcortisol = .01, p = .915; 
rtestosterone = .111, p = .254). Additionally, there were no significant 
differences in cortisol (t(105) = -1.28, p = .203) or testosterone (t(105) 
= -1.199, p = .233) concentrations between biological males and 
females. 
Medications including steroids, oral contraceptives, and hair treat-
ments have all been shown to influence hair hormone concentrations 
(for a review, see Stalder and Kirschbaum, 2012). Thus, participants 
reported on their medication use and whether they had bleached or 
chemically straightened their hair. There were no significant differences 
Fig. 1. Time Game trial sequence. Ten control stimuli were intermixed with the charity trials in each round.  
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in cortisol or testosterone concentrations among participants who 
bleached (n = 15) or chemically straightened (n = 9) their hair from 
those who did not (t(104) < 1.05, all p > .29). For participants using 
relevant medications (n = 12), there was evidence for significantly 
higher cortisol hair concentrations (t(102) = 3.124, p = .002) but no 
differences in testosterone hair concentrations (t(102) = .663, p = .509) 
than participants who were not on medications. 
2.4. fMRI data acquisition 
Data were collected with a 3-T Siemens Prisma MRI scanner using a 
32-channel head coil. We obtained the functional data using T2*- 
weighted echoplanar images (EPI) (slice thickness = 3 mm; 38 slices; 
TR = 2 s; TE = 25msec; matrix = 92 × 92; FOV = 230 mm; voxel size 
2.5 × 2.5 × 3mm3). For anatomical reference, structural scans were also 
acquired, including a T2*weighted, matched-bandwidth (MBW; 
TR = 4 s; TE = 64msec; FOV = 230; matrix = 192 × 192; slice thick-
ness = 3 mm; 38 slices) and a T1* magnetization-prepared rapid-acqui-
sition gradient echo (MPRAGE; TR = 1.9 s; TE = 2.32 msec; FOV = 230; 
matrix = 256 × 256; sagittal acquisition plane; slice thickness = 0.9 mm; 
192 slices). MBW and EPI scans were collected with an oblique axial 
orientation to maximize brain coverage. 
2.5. fMRI data preprocessing and analysis 
Standard preprocessing was conducted using the FSL FMRIBs Soft-
ware Library (FSL v6.0; https://fsl.fmrib.ox.ac.uk/fsl/). We corrected 
for slice-to-slice head motion using MCFLIRT (Jenkinson et al., 2002). 
Data were skull-stripped with BET (Smith, 2002), spatially smoothed 
with a 6-mm FWHM Gaussian kernel, and a high-pass temporal filtering 
with a 128 s cutoff was applied to remove low-frequency drift across 
time (Gaussian-weighted least squares straight line fitting; 
sigma = 64 s). Image co-registration was done using a three-step regis-
tration procedure (EPI to T2 to T1), and each functional image was 
resampled to 2 × 2 × 2 mm and warped to the standard Montreal 
Neurological Institute 2-mm brain using FLIRT (Jenkinson and Smith, 
2001; Jenkinson et al., 2002). To remove artifact signals such as motion 
and physiological noise, we applied an independent component analysis 
(ICA) denoising procedure using MELODIC (Beckmann and Smith, 
2004) combined with an automated signal classification toolbox (Ney-
man-Pearson threshold = 0.3; Tohka et al., 2008). Data for 7 partici-
pants were excluded due to excessive motion (> 2 mm inter-slice 
movement on ≥ 10 % of slices) and incidental findings. 
After preprocessing, statistical analyses were conducted on individ-
ual subject’s data using general linear modelling in the Statistical 
Parametric Mapping software package (SPM8; Wellcome Centre for 
Human Neuroimaging, London). The prosocial influence task was 
modeled as an event-related design. Each trial was convolved with the 
canonical hemodynamic response function. In the fixed-effects model, 
we included 6 regressors: charity decisions pre-peer observation, charity 
decisions post-peer observation, charity decisions during peer observa-
tion, and control decisions for each of the three rounds. The decision 
phase was modeled from the onset of each decision screen with a 
duration of participants’ response times. At the trial level, the number of 
minutes donated on each trial was included as a parametric modulator 
to control for trial-level differences in minutes donated. Controlling for 
the parametric modulator allowed us to isolate differences in mean 
activation between the pre- and post-peer observation blocks while 
holding constant the number of minutes participants donated in each 
trial. Trials with no response were modeled as a separate junk regressor 
along with volumes containing excessive motion. The decision re-
gressors were estimated separately for each round to distinguish 
observing from decision-making and to compare activation before and 
after peer observation. 
The individual-level contrast images were submitted to random- 
effects group-level analyses. In the current study, our contrast of 
interest was charity decisions post-peer observation > charity decisions 
pre-peer observation. We first regressed condition (high-prosocial, low- 
prosocial) on the post-observation > pre-observation contrast. Next, we 
examined the post-observation > pre-observation contrast within each 
condition separately. To test the dual-hormone hypothesis, we con-
ducted whole-brain multiple regression analyses, in which we included 
the cortisol x testosterone interaction as a regressor, controlling for the 
main effects of pre-observation donations, cortisol, and testosterone. 
Group-level analyses were conducted using GLMFlex, which removes 
outliers and sudden activation changes, partitions error terms, analyzes 
all voxels containing data, and corrects for variance-covariance 
inequality (http://mrtools.mgh.harvard.edu/index.php/GLM_Flex). We 
corrected all analyses for multiple comparisons using Monte Carlo 
simulations through 3DClustSim (updated version November 2016) in 
the software package AFNI (Ward, 2000), and accounted for the intrinsic 
smoothness of the data with the -acf function within the 3dFWHMx 
command. We used a voxel-wise threshold of p < .005, corresponding to 
p < .05, FWE cluster-corrected. All reported results are available on 
NeuroVault (Gorgolewski et al., 2015; see https://neurovault.org/co 
llections/PDZHKDRI/). 
3. Results 
3.1. Behavioral results 
All behavioral analyses were conducted using SPSS 26. The primary 
study variables were peer conformity, operationalized as the change in 
minutes donated post- versus pre-peer observation (round 3 min 
donated – round 1 min donated) and cortisol and testosterone hair 
concentrations. Considering hormone concentrations typically differ 
between males and females, descriptive information for the primary 
variables is presented for the full sample and for males and females 
separately in Table 1. However, as we note in section 2.3.1, comparisons 
of hair hormone concentrations yielded no significant differences be-
tween males and females in cortisol or testosterone. 
3.1.1. Peer influence on prosocial behavior 
We first examined whether the peer observation manipulation (low 
vs. high prosocial) yielded changes in participants’ behavior. We con-
ducted a 2 × 2 repeated measures ANOVA for condition (low prosocial, 
high prosocial) x round (pre-peer influence, post-peer influence) to 
compare the number of minutes donated. Results indicated a significant 
interaction between condition and round (F(1, 134) = 20.009, p < .001; 
see Fig. 2). Follow-up independent samples t-tests indicated no signifi-
cant differences in the number of minutes donated between the low 
prosocial and high prosocial groups in the pre-peer observation round (t 
(134) .246, ns), whereas in the post-peer observation round, adolescents 
in the high prosocial condition donated significantly more minutes than 
Table 1 
Descriptive statistics for primary study variables across females, males, and the 
full sample.    
N Min. Max. M SD 
Hair Cortisol (pg/mg) Females 60 0.54 23.79 4.40 4.14  
Males 44 0.27 22.16 5.29 4.69  
Total 104 0.27 23.79 4.78 4.38 
Hair Testosterone (pg/mg) Females 61 0 1.91 0.28 0.44  
Males 43 0 6.45 0.46 1.08  
Total 104 0 6.45 0.36 0.77 
Pre-Observation Mins. Females 70 0 8.53 5.60 2.21  
Males 66 0 8.89 5.43 2.38  
Total 136 0 8.89 5.52 2.29 
Post-Observation Mins. Females 70 0 8.69 5.51 2.21  
Males 66 0 8.70 5.34 2.59  
Total 136 0 8.70 5.43 2.40 
Pre-Observation and Post-Observation Mins. represent minutes donated in the 
pre-peer observation and post-peer observation rounds, respectively. 
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those in the low prosocial condition (t(134) = 2.085, p = .039). 
Furthermore, adolescents in the high prosocial condition donated 
significantly more minutes post-peer observation (t(68) = 2.151, p =
.035), whereas adolescents in the low prosocial condition donated 
significantly fewer minutes post-peer observation (t(66) = -4.42, p <
.001). Together, findings suggest that the low and high peer observation 
manipulation was successful in changing adolescents’ behaviors. 
3.1.2. Test of the dual-hormone hypothesis 
We conducted a linear regression to test the dual-hormone hypoth-
esis in the prediction of peer influence on prosocial behavior. Our 
outcome measure for this analysis was calculated as the change in mi-
nutes donated between post- and pre-peer observation rounds. The total 
number of minutes donated in the pre-peer observation round was 
included as a covariate in the first step of the analysis to control for 
baseline behavior. In the second step, task condition (low prosocial = 1), 
cortisol concentrations, and testosterone concentrations were included. 
Pre-observation minutes, cortisol, and testosterone were grand-mean 
centered. All two-way interactions among task condition, cortisol, and 
testosterone were included in the third step, and the three-way inter-
action among condition, cortisol, and testosterone was included in the 
final step. 
Results indicated a significant three-way interaction among condi-
tion, testosterone, and cortisol (see Table 2)1 . To probe this interaction, 
we conducted two separate regression analyses testing the two-way 
interaction between cortisol and testosterone in the high prosocial and 
low prosocial conditions, separately. Results indicated a significant two- 
way interaction between cortisol and testosterone in the high prosocial 
(B = -.27, SE (B) = .113, β = -.358, p = .02, 95 % CI = -.496, -.044), but 
not low prosocial (B = .072, SE (B) = .059, β = .254, p = .231, 95 % CI =
-.048, .192) condition. We probed the interaction by plotting the change 
in minutes donated as a function of cortisol and testosterone at the 
bottom and top tertiles of their respective distributions in the high 
prosocial and low prosocial conditions separately (see Fig. 3). Simple 
slopes analysis indicated that, among adolescents who observed a highly 
prosocial peer, those with high testosterone and low cortisol demon-
strated a significant increase in minutes donated post-peer observation 
(B = 2.35, p = .005). All other slopes were non-significant. For the 
marginal effects plot including a marginal rug of observed data, please 
see Fig. S1 in the supplement. To ensure that biological (sex and pu-
berty) and environmental (medication use and hair treatment) variables 
did not influence these effects, we conducted a sensitivity analysis 
controlling for each of these covariates. Behavioral results were un-
changed both in terms of statistical significance and effect size. Results 
from the sensitivity analyses are available in Table S1 of the supplement. 
3.2. fMRI results 
3.2.1. Peer influence on neural correlates of prosocial behavior 
At the whole brain level, we explored changes in neural activation 
post- versus pre-peer observation as a function of task condition (high 
prosocial, low prosocial). Results yielded no significant differences in 
activation across the two conditions. 
Because our behavioral results yielded significant differences in the 
high prosocial but not the low prosocial peer conditions, we next 
examined changes in neural activation post- versus pre-peer observation 
among participants in the high prosocial peer condition, controlling for 
the total number of minutes donated at the trial level. When making 
greater prosocial decisions after observing a high prosocial peer relative 
to before peer observation, participants showed significantly greater 
activation in brain regions implicated in the salience network, including 
the bilateral insula, fusiform, and dorsal anterior cingulate cortex 
(dACC) (see Table 3)2 . 
3.2.2. Test of the dual-hormone hypothesis 
Results from the behavioral analysis indicated a significant cortisol x 
testosterone interaction only among participants in the high prosocial 
peer condition but no differences among participants in the low proso-
cial peer condition. To examine the neural corelates of this interaction, 
we therefore focused specifically on the high prosocial condition to 
examine whether the cortisol x testosterone interaction was associated 
with changes in neural activation when making prosocial decisions post- 
versus pre-peer observation. Results yielded significant changes in 
activation in regions such as the posterior superior temporal sulcus/ 
temporoparietal junction (pSTS/TPJ), bilateral orbitofrontal cortex 
(OFC), caudate, and insula (see Table 4 for full list of activations). For 
illustrative purposes, we extracted parameter estimates of signal in-
tensity from the pSTS/TPJ, OFC, caudate, and insula and plotted the 
cortisol x testosterone interaction by plotting the change in neural 
activation as a function of cortisol and testosterone at the bottom and 
top tertiles of their respective distributions (see Fig. 4). Examination of 
the figures suggests that among participants with high testosterone, low 
cortisol was associated with greater activation post-peer observation 
than pre-peer observation for all four regions. Note that the plots are 
illustrative only and are not meant to be interpreted for significance. 
4. Discussion 
The present study endeavored to expand the field’s understanding of 
the associations between hormones and social behavior during adoles-
cence. The dual hormone hypothesis (Mehta and Josephs, 2010) states 
that high testosterone is associated with status-seeking behaviors when 
cortisol is low. Applying this framework to adolescent social behavior, 
we examined the interaction between testosterone and cortisol on ado-
lescents’ conformity to peers on a prosocial fMRI task. The endocrine 
profile of high testosterone and low cortisol was associated with greater 
prosocial conformity among adolescents in high-prosocial contexts. This 
behavioral pattern was paralleled by increased activation in brain re-
gions implicated in social cognition, reward learning, and salience 
processing. Overall, findings highlight the relevance of hormones for 
understanding peer conformity during adolescence. 
Fig. 2. Number of minutes donated to charity in the pre- and post- peer 
observation rounds between groups (high prosocial vs. low prosocial peer 
observation). 
*** p < .001; * p < .05. 
1 This analysis excludes data for four subjects whose hormone data exceeded 
3 standard deviations. In a sensitivity analysis wherein the data for the four 
outliers were winsorized to 3 standard deviations rather than excluded, the 
three-way interaction was not significant. 
2 Participants in the low prosocial condition did not show significant differ-
ences in neural activation when making prosocial decisions after peer 
observation. 
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4.1. Dual hormone links to prosocial conformity 
Most prior work on the dual hormone hypothesis has focused on 
behaviors such as dominance and aggression (for a review, see Dekkers 
et al., 2019), but scholars have recently proposed the possibility that 
high testosterone and low cortisol may be associated with prosocial 
behavior in contexts in which prosocial behavior confers status (Knight 
et al., 2020; Prasad et al., 2019). The present study is one of the first to 
empirically test this proposition. Findings highlight the importance of 
context and opportunity for considering the role of hormones in 
adolescent decision-making. Interestingly, we found that the social 
context interacts with the dual hormone hypothesis to determine peer 
conformity. Adolescents with high testosterone and low cortisol showed 
significant increases in prosocial behavior after observing a highly 
prosocial peer. When observing a peer engaging in low levels of proso-
cial behavior, adolescents’ prosocial behavior did not change as a 
function of cortisol and testosterone Thus, high testosterone and low 
cortisol may be associated with a general propensity for status seeking 
that is manifested differently depending on the decision-making context. 
Although the rise in peer conformity during adolescence is often 
described as a vulnerability, findings from this study highlight the 
positive potential of peers (Guroglu, 2020). One implication of this work 
is the potential to improve adolescent decision-making by providing 
youth with opportunities to interact with peers who exert positive 
influences. 
Based on the behavioral findings showing a significant interaction in 
the high-prosocial peer condition, we focused the neural analyses on this 
condition. The behavioral association between high testosterone and 
Table 2 
Results from regression analyses predicting prosocial peer conformity as a function of condition (low prosocial, high prosocial) and hormone concentration (cortisol, 
testosterone).       
95 % CI    
Model df Variable B S.E. (B) LB UB Std. β t R2 
1 100 Intercept − .054 .109 − 0.271 0.163  − .497 .009   
Pre-Obs. Mins. − .065 .046 − 0.157 0.027 − .139 − 1.4  
2 97 Condition − .897*** .205 − 1.304 − 0.49 − .407 − 4.374 .173***   
Cortisol − .031 .023 − 0.076 0.015 − .122 − 1.325    
Testosterone .081 .131 − 0.179 0.342 .057 .621  
3 94 Cort. x Test. − .011 .055 − 0.12 0.099 − .024 2.07 .189   
Cond. x Cort. .107* .051 0.004 0.209 .35 − 1.228    
Cond. x Test. − .537 .437 − 1.406 0.331 − .354 − .192  
4 93 Cond. x Cort. x Test. .34** .124 0.093 0.587 .685 2.73 .241** 
All variables were centered at the grand mean. Pre-Obs. Mins: minutes donated in the pre-peer observation round; Condition: task condition (1= Low Prosocial); 
Cortisol and Testosterone: hair concentrations with outliers > 3 S.D. removed; (Cond. x Cort. x Test): interactions among task condition with cortisol and testosterone 
hair concentrations. LB and UB: lower and upper bounds of the 95 % confidence interval (CI) for the unstandardized coefficient. Significant R2 indicates significant 
change from the previous model. 
*** p < .001. 
** p < .01. 
* p < .05. 
Fig. 3. Estimated slopes for the three-way interaction among task condition, cortisol, 
and testosterone. Participants could donate up to 9 min to charity. Testosterone 
and cortisol were centered at the grand mean. Low and high values reflect 
bottom and top tertiles of the distribution. 
** p < .01. 
Table 3 
Neural regions showing significant change in activation post- versus pre-peer 
observation among participants (N = 69) in the high prosocial peer condition.     
MNI Coordinates 
Region k t-value x y z 
L Insula Lobe 109 − 4.071 − 36 8 − 6 
R Insula Lobe 76 − 3.484 46 0 10 
R Anterior Cingulate Cortex 192 − 3.338 8 12 40 
R Fusiform Gyrus 78 − 3.337 34 − 32 − 16 
L Inferior Temporal Gyrus 3047 − 4.283 − 48 − 60 − 8 
R Inferior Temporal Gyrus 234 − 3.998 54 − 66 − 12 
R Postcentral Gyrus 169 − 3.728 66 − 16 34 
R Cuneus 237 − 4.472 14 − 94 26 
L Middle Occipital Gyrus 181 − 3.637 − 38 − 86 28 
The map was thresholded at p < .005. Monte Carlo Simulation yielded a mini-
mum cluster size of 67 contiguous voxels for whole-brain analysis. 
Table 4 
Neural regions showing significant change in activation post- versus pre-peer 
observation among participants (N = 48) in the high prosocial peer observa-
tion condition as a function of testosterone and cortisol.     
MNI Coordinates 
Region k t-value x y z 
pSTS/TPJ 91 − 2.742 − 44 − 52 16 
Bilateral Orbitofrontal Cortex 62 − 4.115 − 28 42 − 16 
Insula 158 − 3.082 − 36 0 18 
R Caudate Nucleus 74 − 3.846 16 − 12 24 
Posterior Cingulate Cortex 126 − 3.591 14 − 50 30 
L Middle Frontal Gyrus 68 − 3.17 − 38 42 18 
R Middle Temporal Gyrus 238 − 4.18 50 − 74 24 
L Precentral Gyrus 806 − 4.532 − 40 − 28 64 
Cerebellum 216 − 5.148 10 − 78 − 44 
L Cerebellum (Crus 2) 103 − 3.948 − 6 − 84 − 34 
R Superior Orbital Gyrus 94 − 6.402 18 38 − 20 
L Rolandic Operculum 158 − 3.629 − 42 − 10 20 
pSTS/TPJ refers to the posterior superior temporal sulcus and temporoparietal 
junction. Model adjusted for pre-observation donations and the main effects of 
cortisol and testosterone. All regions are significant at p < .005. Monte Carlo 
Simulation yielded a minimum cluster size of 60 contiguous voxels for whole- 
brain analysis. 
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low cortisol with prosocial conformity was paralleled by our neural re-
sults. When making prosocial decisions after observing a high prosocial 
peer, adolescents with high testosterone and low cortisol evinced 
increased activation in the pSTS/TPJ, insula, OFC, and caudate, 
consistent with prior studies of prosocial decision-making among ado-
lescents (Do et al., 2019; Spaans et al., 2019; van Hoorn et al., 2016). 
The pSTS and TPJ are implicated in social cognition, mentalizing, and 
other-oriented behaviors (Blakemore, 2008). One potential interpreta-
tion of these findings is that high testosterone with low cortisol is 
associated with greater activation in brain regions involved in 
perspective-taking, potentially motivating prosocial conformity. As 
perspective-taking and brain regions supporting perspective-taking 
continue developing across adolescence (Blankenstein et al., 2020; 
Mills et al., 2014), future research should seek to examine whether age 
moderates these associations. 
Similarly, adolescents with high testosterone and low cortisol 
evinced heightened activation in the insula when conforming to proso-
cial peers, a region within the brain’s salience network (Seeley et al., 
2007). Heightened insula activation has been observed during prosocial 
(Telzer et al., 2013; van Hoorn et al., 2016) and empathic (de Vignemont 
and Singer, 2006; Masten et al., 2011) decision-making. Although pre-
vious studies have linked high cortisol with greater empathy (e.g., 
Shirtcliff et al., 2009; Zilioli et al., 2014), our findings suggest that the 
role of cortisol varies based on the level of testosterone, and perhaps as a 
function of whether the context supports status-seeking. For example, 
high cortisol may be associated with empathy in a submissive context 
(Zilioli et al., 2014), whereas low cortisol may be associated with 
empathy if it is used to achieve social goals, such as winning the favor of 
other peers (Hawley, 2003). 
Finally, adolescents with high testosterone and low cortisol evinced 
increased activation in the OFC and caudate during prosocial confor-
mity. The OFC and caudate have been implicated in reward-based 
learning (Silverman et al., 2015), social decision-making (Cascio et al., 
2015; Chein et al., 2011), and cooperation (Tabibnia and Lieberman, 
2007). Adolescents have also evinced heightened caudate activation 
when winning money for a friend or parent (Braams and Crone, 2017). 
Given associations among testosterone and cortisol with neural 
sensitivity to social rewards (De Lorme et al., 2013), our results suggest 
that the rewards associated with prosocial behavior may be particularly 
salient among adolescents with high testosterone and low cortisol. 
4.2. Contributions, limitations and future directions 
The results of our study contribute to the neurodevelopmental 
literature and expand the application of the dual hormone hypothesis in 
several ways. First, findings from previous dual hormone studies have 
been mixed with respect to whether high testosterone is associated with 
prosocial behaviors when cortisol is high (e.g., Zilioli et al., 2015) or low 
(e.g., Ponzi et al., 2016). Some scientists have speculated that high 
cortisol elicits internal distress that supports empathic processing 
(Shirtcliff et al., 2009), whereas low cortisol is associated with approach 
orientation and reward sensitivity (Mehta et al., 2015; Terburg et al., 
2009). Thus, perhaps low cortisol supports prosocial behaviors serving a 
personal goal (e.g., status-seeking) or requiring behavioral activation (e. 
g., changing behavior to align with a peer’s behavior). Scientists have 
additionally speculated that inconsistent findings with respect to asso-
ciations between high testosterone and low cortisol with prosocial 
versus aggressive behaviors arise because what is considered a 
status-seeking behavior varies across social contexts (e.g., Knight et al., 
2020). We have partial support for this theory, demonstrating that high 
testosterone with low cortisol is associated with high prosocial confor-
mity (or a negative testosterone x cortisol slope as proposed by Knight 
et al., 2020). Since our task design did not explicitly measure antisocial 
behavior, it is not possible to confirm whether high testosterone with 
low cortisol is associated with antisocial behavior in the presence of an 
antisocial peer. However, results from the low-prosocial condition in our 
study trend in the anticipated direction, wherein high testosterone and 
low cortisol trend toward less prosocial behavior. 
Furthermore, most prior examinations of the dual hormone hy-
pothesis have used salivary hormones, whereas our study used hair as-
says. Hair assays offer a novel and promising approach to measuring 
stable hormone concentrations, ideal for study designs aimed at mini-
mizing the effects of diurnal and menstrual variations in hormone con-
centrations as well as momentary and saltatory hormonal bursts 
Fig. 4. Cortisol x Testosterone interaction correlated with changes in activation in the bilateral OFC, pSTS/TPJ, insula, and caudate nucleus when donating time Post- 
Observation > Pre-Observation in the high prosocial condition. For descriptive purposes, we extracted parameter estimates of signal intensity from each region (sig-
nificant at p < .005) and plotted them at low and high values (i.e., bottom and top tertiles) of the distribution for cortisol and testosterone. The plots are for 
illustrative purposes only and are not meant to be interpreted for significance. 
N. Duell et al.                                                                                                                                                                                                                                    
Developmental Cognitive Neuroscience 48 (2021) 100936
8
(Laudenslager et al., 2012). Additionally, our use of liquid chromatog-
raphy coupled with mass spectrometry to extract the hair hormone 
concentrations is thought to provide a highly valid measure of hormone 
concentrations, particularly for cases in which there are extremely low 
levels of hormones (Welker et al., 2016). The issue of low hormone 
levels is particularly relevant to our developmental population, as 
younger individuals tend to have low concentrations testosterone 
(Grotzinger et al., 2018). 
One methodological strength of our study is our use of time as a 
metric of prosocial behavior rather than money, which is arguably more 
ecologically valid in that time is a more salient and available resource 
for most youth. Finally, our study is one of few to consider hormones, 
brain function, and behavior together (but see Braams et al., 2015). 
Considering the vast changes in hormonal concentrations during 
adolescence and the implications of these changes for both brain func-
tion and behavior, the developmental literature would benefit from a 
more comprehensive understanding of links between biology and 
behavior. 
Although the results of this study suggest a promising link between 
the dual hormone hypothesis and peer conformity in adolescence, it is 
important to consider several key limitations. First, support for the dual 
hormone hypothesis in the literature is quite inconsistent (Dekkers et al., 
2019), indicating that this theory may be limited to certain individuals 
in specific contexts rather than a general pattern for all. Additionally, it 
is important to recognize that, guided by the results of our behavioral 
analyses, we used a more parsimonious method for the neural analyses 
by focusing on the high-prosocial peer condition alone, rather than 
conducting a more complex 3-way interaction at the neural level. Thus, 
our method of analysis does not provide statistical evidence for signifi-
cant or meaningful differences between the conditions (Nieuwenhuis 
et al., 2011). This flexibility in our neural analyses warrants caution 
when interpreting our results. Nonetheless, the neural findings parallel 
the pattern of effects found in the 2-way interactions we identified in the 
behavioral analyses for the high prosocial condition, providing some 
confidence in the neural results. 
Additionally, although our sample size is relatively large for an fMRI 
study, we recognize the sample size impedes our power to test complex 
interactions, therefore limiting the interpretability of our findings. 
Relatedly, we were not powered to examine the moderating role of 
gender, which is relevant to individual differences in hormone concen-
trations and prosocial behavior during adolescence (e.g., Braams et al., 
2015; Carlo et al., 2012; Zilioli et al., 2015). Furthermore, future 
research should consider the role of puberty. Although testosterone 
levels change across puberty, hair testosterone and pubertal status seem 
to be poorly correlated (e.g., Grotzinger et al., 2018) as they were in this 
study. There may also be differences in prosocial behavior across pu-
berty, as prior work has shown that early-maturing males are more 
prosocial than late-maturing males or females (Carlo et al., 2012). In-
dividual differences in personality characteristics such as competitive-
ness and prosociality may also be relevant to the discussion of prosocial 
peer conformity (e.g., Pfattheicher, 2017). For example, whereas some 
adolescents may have conformed to prosocial peers because they were 
intrinsically motivated to be prosocial, others may have conformed out 
of the competitive drive to be more prosocial than the peer they 
observed (Hawley, 2003). Finally, it is not clear whether our findings on 
hormonal interactions and prosocial influence are unique to adoles-
cence, a time during which testosterone and cortisol levels change 
dramatically. Thus, future work should take a developmental approach 
to understanding the dual hormone hypothesis by comparing these 
findings across children, adolescents, and adults. Further, as hair is a 
cumulative index of hormone concentrations over time, it may be 
interesting to examine whether the interaction between testosterone and 
cortisol changes within individuals over time, thereby resulting in 
distinct associations between hormones and behavior across 
development. 
4.3. Conclusions 
Altogether, this study provides evidence for links between hormone 
concentrations and the neural correlates of adolescents’ conformity to 
prosocial peers. Given the rapid changes in hormone concentrations 
taking place during adolescence, it is important to consider the role of 
hormones in modulating adolescents’ behavior and the neural mecha-
nisms undergirding such behavior. Furthermore, the importance of 
context cannot be overstated (van Hoorn et al., 2019). The kinds of peers 
adolescents surround themselves with influence the behaviors they 
emulate. If adolescents are surrounded by peers who make adaptive 
decisions such as engaging in prosocial behaviors, our findings suggest 
that adolescents are motivated to conform. This finding is in line with a 
growing body of literature emphasizing the potential for peers to have 
positive, protective effects on the decisions adolescents make (Telzer 
et al., 2018). 
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